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Abstract 
Ageneric aircraft with the single vertical tail usually lose its directional stability at medium angle of attack (typically 20°to 
30°). A model with moderate sweptwing of 47.5º and a conventional vertical tail is investigated in order to identify physical 
mechanisms responsible for directional stability. The results show that vertical tail and fuselage are the main components of 
the aircraft that generate yawing momentby the tests of model parts mounted and dismounted. The broken down vortex at 
windward side of vertical tail is the main reason for reducingstable yawing moment of vertical tail. Moreover, the middle part 
of the fuselage including air inlet and forepart of the wing is the main region of the fuselageenhancing unstable yawing 
moment. 
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Nomenclature 
Cp pressure coefficient 
CY side force coefficient 
Cn yawing moment coefficient 
CnE static directional stability, body axis 
Greek symbols 
D angle of attack 
E angle of sideslip 
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1. Introduction 
The flow field around a generic aircraft configuration with moderate swept wing and a conventional vertical 
tail at medium to high angles of attack is three dimensional and extremely complex[1-3]. This flow field typically 
consists of the formation and breakdown of the vortex flows. It is known that the aerodynamic characteristics of 
an airplane in that flow field are highly nonlinear in angle of attack and/or sideslip. That nonlinear aerodynamic 
characteristics lead to the critical angle of attack for the directional stability being about 20°to 30°[4-5]. That 
would limit the operational angle of attack range and endanger fight safety. So it is important to investigate the 
flow field responsible for directional stability in case of enlarging the operational angle of attack range. 
According to research at present, vertical tail and fuselage were found may the main components that generate 
the yawing moment in the normal design aircraft [1],[6]. The major reason for the vertical tail losing its efficacy at 
medium angle of attack is the flow field at the windward of the vertical tail when it sideslips and that flow field 
contains broken down vortex flow [1]. But the how the vortex flow influence the tail and where it from is not clear 
yet. Moreover, there is no document about the reason for the fuselage which is the other component generating 
yawing moment losing its directional stability at medium angle of attract yet. Nevertheless, many studies have 
indicated that it is effective to change the shape of the forebody [7-8], for example, by applying the skill of 
controlling the forebody vortex like forebody strakes can increase directional stability [4]. 
The investigation is a combination of both pressure experiment and PIV experiment in order to identify the 
flow field of the main components responsible for directional instability. 
2. Experimental Methods 
2.1. Wind tunnel facility and procedure 
Experiments were conducted in D4 low-speed open-return wind tunnel at BeiHang University. The test section 
is 1.5m by 1.5m by 2.5m long and the free stream turbulence level is 0.08%. The tests were carried out at a wind 
velocity V = 35m/s, which corresponded to a Reynolds number Re= 1.52×105 based on chord length of the wing. 
The model was sting mounted on a supporting mechanism which could provide Į variation and tested at fixed 
angles of attack from Į = 0° to Į = 70° in 5° increments ,concurrent with a sideslip range of -90° to 90°. All data 
given in this paper were collected as sideslip angle is 4°. 
Force balance measurements were performed using a six-component force balance. The output signals of force 
balance were sent to NI SCXI-1125 through SCXI-1327 and the outputs were then sent to a data acquisition board 
NI PCI-6143 in a PC computer. The pressure data acquisition system consisted primarily of a DTC Initium and a 
ESP module with pressure transducer accuracy of 0.1%FS (FS = ±1psi), which were both from PSI Company. 
FlowMap DPIV system from Dantec Corporation was used to measure sectional spatial velocity and vorticity field. 
Each afterbody and wing cross-section picture acquired from the PIV experiment was taken twice for right and 
left side on account of the limit of the camera’s visual field. 
2.2. Model 
The model (Fig. 1) used in this investigation was generic aircraft with high-mounted swept wing of 47.5º, a 
conventional vertical tail arrangement, ventral fins and horizontal tail. Every part could be dismounted. The model 
was instrumented with 194 pressure taps for the pressure measurement shown in Fig.1 (b). The fuselage has 6 
pressure measurement sections (x0.08m, x0.15m, x0.25m, x0.4m, x0.48m, x0.82m) and the wings have 3 sections 
(x0.515m, x0.6m, x0.7m) while the vertical tail has 2 sections (y0.1m, y0.16m) respectively. 




Fig. 1.Sketch of the modelfor (a) model three view drawing and (b) pressure measurement sections 
3. Results and Discussion 
It is shown the force measurement data in Fig. 2. The full line is the yawing moment of the basic aircraft 
configuration. It is noted that the yawing moment is positive (stable) at the lower angle of attack, and it keeps 
constant when Į< 10°. As Į increase, the yawing moment is diminished and become negative (unstable) at around 
Į = 24°. The vertical tail and fuselage were found responsible for directional stability by components 
mounting/dismounting comparing with the yawing moment of the basic aircraft. The yawing moment generated 
by vertical tail is positive while the yawing moment generated by fuselage is negative at the low and medium 
angle of attack (typically 40°and below). Both the yawing moment of vertical tail and fuselage become unstable as 
Į increase. 
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Fig. 2.Yawing moment of basic aircraft configuration and the components at ȕ=4° 
3.1. Flow field aroundvertical tail 
The pressure data of the vertical tail is shown in Fig.3.It is noted that the leeward (L) pressure is negative while 
part of the windward (W) is positive when Įis less than 10°, and the pressure is kept constant that is consistent 
with the yawing moment of vertical tail shown in Fig.2. As Įincrease, the windward pressure becomes negative 
rapidly. However, the leeward negative pressure is larger than the windward when Į<38° so that the vertical tail 
still has its efficiency. Whereas windward pressure of the vertical tail increased much more rapidly than the 
leeward pressure, when Į>38°the windward pressure is larger than the leeward which resulted in negative value of 
vertical yawing moment.That also agrees with the result of yawing moment of vertical tail which is obtained in 
force measurement shown in Fig.2. 
(a)  
332   J. Wen et al. /  Procedia Engineering  67 ( 2013 )  328 – 337 
(b)  
Fig. 3.Pressure data of the vertical tail for angles of attack, ȕ=4° for (a)pressure distribution at y=0.1m and (b) Pressure distribution at y=0.16m 
From the results of PIV data (Fig. 4), an apparent process of the vortex position running up near the vertical tail 
(which had been broken down) was observed as the angle of attack increasing that agrees with pressure data 
shown in Fig. 3. To study the progress of the vortex, angle of attack is 26° given for example.The results of PIV 
flow field (Fig. 5) suggest that the vortex structure could be seen clearly at section x=0.3m, and the pair structure 
of the forebody vortex and inlet vortex were appeared at section x=0.4m. The forebody vortex and the inlet vortex 
had then been combined to a vortex pair structure while the wing appeared, and a new vortex pair was produced. 
As the section of wing extended to x=0.6m, all vortex structures were mixed up and resulted in breakdown, which 
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(c)  
Fig. 4.PIV data of the vertical tailfordifferent angles of attack, ȕ=4° for (a) Į=20°, (b) Į=26°and (c)Į=38°. 
 
                     x=0.15mġġġġġġġġġġġġġġġġġġġġġġġġġġġx=0.3mġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġx=0.4mġġġġġġġġġġġġġġġġġġġġġġġġġġġġġġx=0.48m 
 
                                     x=0.515m                                                                             x=0.6m 
 
 
                                      x=0.7m                                                                               x=0.86m 
Fig. 5.PIV data of the cross-sections for Į=26°, ȕ=4°. 
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3.2. Flow field over fuselage 
The yawing moment Cn derived from the five sectional integrals of the pressure test of the fuselage and the 
graph of the side force CY against the angle of attack were shown in Fig. 6 and Fig. 7 respectively. From Fig. 6, it 
can be seen that when the angle of attack islow, the yawing moment generated by the forebody sections was 
greater than that generated by the middle part of fuselage. Nevertheless, as the angle of attack increased, the 
yawing moment of the forebody sections remained constant, while the yawing moment of the middle part 
increased significantly. When the angle of attack was greater than 20°, the yawing moment of the middle part 
exceeded the yawing moment of the forebody. This observation was in agreement with the curve of Fig. 7, which 
showed that the flow field of the middle part of fuselage was largely influenced by the angle of attack and thus 
attributed to the increasing unstable yawing moment as the angle of attack increased. 
.  
Fig. 6.Variation of integral sectional yawing moment with axial station for different angles of attack and ȕ=4° 
 
Fig. 7.Variation of integral sectional side force with axial station for different angles of attack and ȕ=4° 
The middle part of fuselage consists of air inlet and leading edge of the wings, and the vortex structure is 
produced at this part. The flow field of section x=0.4m, which is the flow field of the inlet, is shown in Fig. 8 to 
illustrate the relationship of yawing moment and the generation of vortex. Fig.8(a) shows the distribution of the 
sectional pressure and Fig. 8(b) demonstrates the different segments(S) of the sectional pressure distribution for 
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further analysis of the range of pressure attributing to the increase in yawing moment. The entire sectional 
pressure distribution is separated into four segments: the first segment (S1) covers the bottom of the section; the 
second segment (S2) covers the leeward side; the third segment (S3) covers the top of the section and the last 
segment (S4) covers the windward side. The pattern of the side force changing with the angle of attack for each 
region could then be obtained through integration of their respective pressure distribution, shown as Fig. 8(c). 
Though the vortex was acted on the top of the section, top and bottom did not contribute to the side force. 
However, the sectional side force and yawing moment were induced by the pressure distribution at the two sides. 
As the angle of attack increased, the leeward side force showed a faster augmentation than the windward side 
force (comparing S1 with the dashed which is the mirror of S4), and the resulted asymmetry led to increase in 




Fig. 8.Analysis of section x=0.4m flow, ȕ=4° for (a)pressure distribution, (b) sketch of the Segments and (c) pressureintegral CY of the 
segments 
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(a) (b)  
(c)  
Fig. 9.Analysis of section x=0.48m flow, ȕ=4° for (a)pressure distribution, (b) sketch of the Segments and (c) pressureintegral CY of the 
segments 
Fig. 9 is the x=0.48m section, which is the section of the wing leading edge. From the subsection integral in Fig. 
9(c), section x=0.48m resemble section x=0.4m. The pressure of the left side and right side were the primary 
source of yawing moment and side force, while the top and bottom sections did not make contribution. Different 
from section x=0.4m, section x=0.48m exhibited positive pressure at both left and right sides due to the impact of 
the wing. Although the sectional side force and yawing moment were induced by the pressure distribution at the 
two sides not the top, the two sides are influenced by the vortex. As the vortex formed asymmetrically when 
sideslip, the two side pressure are increasing asymmetric, that led to the unstable yawing moment. So the middle 
part of fuselage where the vortex formed is the sensitive region for the unstable yawing moment when angle of 
attack increase. 
4. Conclusion 
By disassembly and assembly of the aircraft, the vertical tail and fuselage were found responsible for 
directional stability. As the angle of attack elevated, both unstable yawing moments generated by the two main 
components increased. The flow field of the two components was investigated from the pressure data and PIV 
data. 
1.The major reason for the vertical tail losing its efficacy at medium angle of attack is the windward negative 
pressure value increasing more rapidly than the leeward side when it sideslips. The immersion of the vertical tails 
into the flow of vortex breakdown was clearly seen in the PIV data and is responsible for the windward negative 
pressure value increasing. 
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2. By analyzing the Cn and CY derived from the five sectional integrals of the pressure test of the fuselage, flow 
field of the middle part of fuselage was largely influenced by the angle of attack and thus attributed to the 
increasing instability of the yawing moment as the angle of attack increased. The sectional side force and yawing 
moment were induced by the pressure distribution at the two sides not the top where the vortex was acted. 
However, the two sides are influenced by the vortex. As the vortex formed asymmetrically, the two side pressure 
are asymmetric that led to the unstable yawing moment. 
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